DCL1, an RNaseIII endonuclease, and HYL1, a double-stranded RNA-binding protein, are core components of the plant miRNA biogenesis machinery. hyl1 null mutants accumulate low levels of miRNAs and display pleiotropic developmental phenotypes. We report the identification of five new hyl1 suppressor mutants, all of which are alleles of DCL1. These new alleles affect either the helicase or the RNaseIIIa domains of DCL1, highlighting the critical functions of these domains. Biochemical analysis of the DCL1 suppressor variants reveals that they process pri-miRNA more efficiently than wild-type DCL1, with both higher K cat and lower K m values. The DCL1 variants largely rescue wild-type miRNA accumulation levels in vivo, but do not rescue the MIRNA processing precision defects of the hyl1 null mutant. In vitro, the helicase domain confers ATP-dependence on DCL1-catalyzed MIRNA processing, attenuates DCL1 cleavage activity, and is required for precise MIRNA processing of some substrates.
Introduction
miRNAs are sequence-specific guides that direct post-transcriptional suppression of target gene expression. The biogenesis of miRNAs starts with the transcription of MIRNA genes by RNA polymerase II (Pol II) (Lee et al., 2004) . The primary transcript, termed the pri-miRNA, contains an imperfect hairpin structure that is sequentially cleaved by RNaseIII family enzymes to release one or more miRNA/miRNA* duplexes (Hutvagner and Zamore, 2002; Lee et al., 2003) . The miRNA strand is then incorporated into the RNA-induced silencing complex (RISC) to form a functional miRNA complex. In animal cells, pri-miRNA processing is spatially separated and performed by two different RNaseIII family enzymes. The first cleavage, which releases an intermediate hairpin structure called the precursor miRNA (pre-miRNA), is typically executed by an RNAseIII protein called Drosha in the nucleus (Lee et al., 2003) . The pre-miRNA is then transported to the cytoplasm by Exportin-5 (Yi et al., 2003; Lund and Dahlberg, 2006) and cleaved by another RNAseIII protein called Dicer to generate the miRNA/miRNA* duplex (Lee et al., 2003) . By contrast, the processing of plant pri-miRNAs into miRNA/miRNA* duplexes takes place entirely in the nucleus and is typically catalyzed by a single RNAseIII family enzyme, Dicer-Like 1 (DCL1) (Reinhart et al., 2002; Kurihara and Watanabe, 2004; Park et al., 2005; Fahlgren et al., 2007) .
Although Arabidopsis expresses other DCL proteins, DCL1 is the primary enzyme involved in miRNA biogenesis (Kurihara and Watanabe, 2004; Fahlgren et al., 2007) . Besides DCL1, several other accessory proteins are also involved in plant miRNA biogenesis, including Hyponastic Leaves 1 (HYL1), a dsRNA binding protein, and Serrate (SE), a C 2 H 2 zinc finger protein. The null mutant of hyl1 and a hypomorphic mutant of se exhibit low miRNA levels (Han et al., 2004; Vazquez et al., 2004; Lobbes et al., 2006; Yang et al., 2006; Laubinger et al., 2008) . HYL1 and SE form complexes with DCL1 in vivo (Fang and Spector, 2007; Song et al., 2007) and enhance the in vitro DCL1 processing rate and accuracy (Dong et al., 2008) . These observations suggest that HYL1 and SE function to modulate DCL1 activity.
Besides HYL1 and SE, Dawdle (DDL; an FHA domain protein) and two nuclear cap-binding proteins (CBP20 and CBP80) also affect miRNA biogenesis (Kim et al., 2008; Laubinger et al., 2008; Yu et al., 2008) . DDL has been proposed to participate in miRNA biogenesis by facilitating DCL1 access to primiRNA (Yu et al., 2008) , while CBP20 and CBP80 may mediate the interaction between the nuclear Capbinding complex (CBC) and the miRNA processing machinery (Laubinger et al., 2008; Yu et al., 2008) .
The DCL1 domain structure is a typical one for Dicer proteins, consisting of a DExD/H-box RNA helicase domain, a DUF283 domain, which has recently been annotated as a novel RNA-binding domain (Qin et al., 2010) , a PAZ domain, two tandem RNaseIII domains (RNaseIIIa and RNaseIIIb), and two tandem dsRNA-binding domains (dsRBDs) (Fig. 1A) . Complete loss of DCL1 function results in embryonic lethality in Arabidopsis (Schauer et al., 2002; Nodine and Bartel, 2010) . Genetic studies have identified several non-null, non-lethal dcl1 alleles. dcl1-7 and dcl1-8 have point mutations in the helicase domain and accumulate lower levels of miRNA than wild-type plants, implying that the helicase domain is critical for miRNA biogenesis (Kasschau et al., 2003; Kurihara and Watanabe, 2004; Mlotshwa et al., 2005) . dcl1-9, which harbors a T-DNA insertion in the last dsRNA binding domain, and dcl1-15, which has a point mutation in the catalytic site of the RNAseIIIb domain, also accumulate reduced levels of miRNAs (Kurihara and Watanabe, 2004; Kurihara et al., 2006; Willmann et al., 2011) . Another allele with a lesion in the helicase domain, dcl1-13, was identified as a semi-dominant suppressor of hyl1 (Tagami et al., 2009) . Unlike the hypomorphic dcl1 alleles, dcl1-13 is a gain-of-function allele. It promotes miRNA processing in the absence of HYL1, but impairs miRNA processing in the presence of HYL1 (Tagami et al., 2009) .
In this study, we identified five new alleles of dcl1 based on a screen for suppressors of the null hyl1-2 mutant. One allele has a mutation in the coding sequence for the helicase domain, while the other four mutations affect the sequence encoding the RNaseIIIa domain. miRNA accumulation is restored to nearly wild-type levels in hyl1-2/dcl1 double mutants, but the MIRNA processing accuracy defects caused by lack of HYL1 function persist. Biochemical characterization of the mutant DCL1 enzymes revealed that both helicase-and RNaseIIIa-mutated suppressor variants of DCL1 process pri-miRNA more efficiently than the wild-type enzyme. Moreover, the helicase domain of DCL1 is responsible for the ATP-dependence of MIRNA processing, attenuates the DCL1 cleavage activity of certain substrates and contributes to the accurate MIRNA processing of others. Finally, we show that DCL1 cleaves pri-miRNA transcripts processively.
Results

DCL1
alleles that suppress the hyl1-2 phenotype hyl1-2 is a null allele that harbors a T-DNA insertion in the sequence encoding the first doublestranded RNA-binding domain (DRB) (Han et al., 2004; Vazquez et al., 2004) . To obtain mutations that suppress the hyl1-2 mutant phenotype, we EMS-mutagenized about 6,000 hyl1-2 seeds and screened 110 pools (about 50 plants per pool) of M 2 plants. The hyl1-2 mutation is pleiotropic; mutant plants exhibit 7 leaf hyponasty, smaller stature, and reduced fertility, among other phenotypes (Lu and Fedoroff, 2000) .
The leaves of four to five week-old hyl1-2 plants are markedly upward-curled (Fig. 1B) Fig.1B ).
To identify the mutated genes, we crossed each of the six suppressor mutants with wild-type plants and generated segregating F 2 populations. None of these F 2 populations yielded segregants displaying the hyl1-2 leaf phenotype, suggesting that the suppressors are both linked to the HYL1 locus and dominant.
HYL1 and DCL1 are both on chromosome 1, approximately 10 cM apart. In view of the fact that a previously reported hyl1-2 suppressor screen resulted in the isolation of a dominant DCL1 suppressor mutation (Tagami et al., 2009) , we sequenced the DCL1 locus in all six suppressor lines. We found that all six harbored missense mutations within the DCL1 gene (Table 1) , two of which were identical. Thus we obtained five new hyl1-2 suppressor alleles of DCL1 and designated them dcl1-20, dcl1-21, dcl1-22, dcl1-23, and dcl1-24 (Table 1 ). The extent of phenotypic recovery varied among the alleles, with dcl1-20 and dcl1-21 displaying the most complete phenotypic suppression, while the dcl1-23 allele showed weaker suppression (Fig. 1B) .
Four of the five alleles (dcl1-21 through -24) have mutations in the first RNAaseIII domain (RNaseIIIa), while the fifth (dcl1-20) has a mutation in the N-terminal helicase domain (Fig. 1A) . The alignment of Arabidopsis DCL1 with other plant DCL proteins showed that the amino acid residue changed in the dcl1-20 allele is highly conserved among all of these proteins, while the mutated positions in the RNaseIIIa domain are conserved among plant DCL1 proteins, but less so among other Dicer-like proteins (Supplemental Fig. S1 ). Similar to dcl1-13, which has a suppressor mutation near the DECH signature motif (DExH/D domain, Walker B motif) (Tagami et al., 2009) , the mutation in the dcl1-20 allele is close to the DExH/D Walker B motif, suggesting these positions are crucial for the activity of the helicase domain (Supplemental Fig. S1 ). The DExH/D motif is a highly conserved domain that coordinates the magnesium ion in the NTPase catalytic center (Rocak and Linder, 2004) . Since the mutations in dcl1- 21, dcl1-22, dcl1-23 and dcl1-24 are clustered in the RNaseIIIa domain, we anticipated that these mutations would alter the processing activity of DCL1. Molecular modeling predicts that all of the amino acid substitutions observed in the suppressors affect residues on the surface of DCL1 (Supplemental Fig. S2 ), as does that in dcl1-13 (Tagami et al., 2009 ).
To test whether the observed mutations in DCL1 are causal in suppressing the hyl1-2 phenotype, we transformed hyl1-2 plants with constructs containing each of the five dcl1 alleles expressed from the native DCL1 promoter. As controls, we used a wild-type DCL1 gene and dcl1-7, a hypomorphic DCL1 allele with a mutation in the helicase domain (Kasschau et al., 2003) . Between 90-100% of the T 1 plants transformed with the dcl1 suppressor alleles did, indeed, suppress the hyl1-2 phenotype (Fig. 1C) . In contrast, none of the T 1 plants transformed with the hypomorphic dcl1-7 allele suppressed the hyl1-2 phenotype (Fig. 1C) .
Interestingly, a minority (22%) of T 1 plants transformed with wild-type DCL1 also showed suppression of the hyl1-2 phenotype (Fig. 1C) , suggesting that increased dosage of DCL1, regardless of the obtained point mutations, could also complement hyl1-2. Consistent with this hypothesis, DCL1
mRNA accumulation was about 10-20 fold above wild-type in leaves of all of the transgenic lines (Fig.   1D ). DCL1 mRNA accumulation was highest in the minority of P
:DCL1 transgenic plants that complemented hyl1-2. However, increased DCL1 mRNA expression alone cannot explain hyl1-2 suppression by our new DCL1 alleles: Nearly 100% of transgenics expressing dcl1-20, dcl1-21, dcl1-22, dcl1-23 , and dcl1-24 complemented hyl1-2, compared to only 22% of the transgenics expressing wildtype DCL1, despite the approximately equivalent accumulation levels of DCL1 mRNA. In addition, DCL1 accumulation was reduced to near wild-type levels in the strongest suppressor lines (hyl1-2/dcl1-20 and hyl1-2/dcl1-21) and no greater than that in the parental hyl1-2 background for the other three lines (hyl1-2/dcl1-22, hyl1-2/dcl1-23, and hyl1-2/dcl1-24) (Fig. 1D ). Taken together, our results confirm that the identified dcl1 mutations suppress the hyl1-2 phenotype.
DCL1 is subject to negative feedback regulation by two miRNAs. miR162, whose biogenesis is dependent upon the DCL1 protein, targets the DCL1 mRNA at a site located at the exon 12-13 junction (Xie et al., 2003) . DCL1-catalyzed processing of miR838, whose precursor resides within intron 14 of the DCL1 pre-mRNA, prevents proper splicing of intron 14, resulting in the accumulation of two prominent, non-productive RNA fragments (Xie et al., 2003; Rajagopalan et al., 2006) . Accumulation of miR162 and miR838 was markedly reduced in the hyl1-2 mutant (Fig. 1E) , consistent with the increased accumulation of intact DCL1 mRNA seen in that line (Fig. 1D ). miR162 and miR838 accumulation was slightly recovered in the five hyl1-2/dcl1 suppressor lines relative to the hyl1-2 single mutant, but still remained well below wild-type levels (Fig. 1E) . Transgenic lines expressing the dcl1 suppressor alleles had a much more robust recovery of miR162 and miR838 accumulation levels, while transgenic lines expressing wild-type DCL1 or the hypomorphic dcl1-7 allele did not (Fig. 1E) . Because the DCL1 transgenes were cDNA-based, they lacked the intron-encoded miR838 locus and thus escaped miR838-mediated feedback control. Hence the recovered levels of miR838 in these lines reflects increased biogenesis of miR838 from the endogenous DCL1 locus.
Partial recovery of miRNA accumulation in hyl1/dcl1 suppressor mutants Accumulation of many mature miRNAs besides miR162 and miR838 is reduced in hyl1-2 plants compared to that in wild-type plants (Han et al., 2004; Vazquez et al., 2004) . We therefore examined miRNA accumulation in the hyl1-2/dcl1 double mutants by RNA blotting. As shown in Fig. 2A , all miRNAs examined accumulated to higher levels in the hyl1/dcl1 suppressor plants than in the parental hyl1-2 mutants, but the levels were still slightly lower than those observed in wild-type plants. The accumulation of tasiRNA siRNA255, whose biogenesis depends upon miR173 (Allen et al., 2005) , was also restored. Restoration of miRNA levels was lowest in dcl1-23, consistent with its weaker suppression phenotype ( Fig. 2A) .
To obtain a global overview of miRNA accumulation in suppressor plants, we obtained smallRNAseq data from wild-type, hyl1-2, and two representative hyl1/dcl1 suppressor plants (hyl1-2/dcl1-20 and hyl1-2/dcl1-21). Separate RNA samples from all four genotypes were obtained from both rosette leaves and flowers, for a total of eight libraries. This experiment yielded between 14 million and 38 million genome-mapped 20-24 nt small RNAs per sample (Fig. 2B) . The fraction of the genomemapped small RNA pools that correspond to annotated Arabidopsis MIRNA hairpins was substantially lower in hyl1-2 mutant tissues than in the corresponding wild-type tissues, but significantly higher in the tissues of hyl1-2/dcl1 double mutants than in the hyl1 single mutant (Fig. 2B) . Examination of individual miRNAs in these small RNA populations also indicated their levels to be generally higher in the hyl1-2/dcl1 double mutants than those in the parental hyl1-2 mutant (Fig. 2C) . Interestingly, miR162, which directs negative feedback regulation of the DCL1 mRNA, was among the most strongly down-regulated miRNAs in the hyl1-2 background and recovered to below-median levels in the suppressor mutants (Fig.   2C ). The other DCL1 negative feedback related miRNA, miR838, also accumulated below median levels in all conditions (Fig. 2C) . Collectively, our analyses of miRNA accumulation show that the hyl1-2/dcl1 suppressor plants have miRNA levels approaching those of wild-type plants.
A previously described hyl1-2 suppressor allele, dcl1-13, was reported to promote miRNA processing in the absence of HYL1, but impair the miRNA processing at the presence of functional HYL1 (Tagami et al., 2009 Fig. S3 ). These results indicated that four of the newly identified alleles are unaffected by HYL1 function, while one allele resembles the behavior of dcl1-13.
MIRNA processing precision is not restored in hyl1/dcl1 suppressor mutants HYL1 plays a crucial role in enhancing the precision of MIRNA processing by DCL1 (Kurihara et al., 2006; Dong et al., 2008) . SmallRNAseq data from hyl1-2 mutants were therefore examined to determine whether the hyl1-2 processing precision defect could be inferred from patterns of sequenced small RNAs derived from known MIRNA hairpins. Assessment of miRNA processing precision depends critically upon sequencing depth; hence we focused on the most highly expressed MIRNA loci for this analysis. Precision was assessed by computing the ratio of "imprecise" small RNAs to the total MIRNAmatched small RNA pool on each highly expressed hairpin. Imprecise small RNAs were defined as those which did not fall within +/-2 bases of the annotated mature miRNA(s) or miRNA*(s) positions. The lower precision of miRNA processing in hyl1-2 plants was indeed apparent in the smallRNAseq data:
MIRNA loci in hyl1-2 plants had a higher ratio of imprecise small RNAs than did wild-type plants (Fig.   3 ). There was no increase in processing precision in the hyl1-2/dcl1 suppressor plants compared to that observed in hyl1 plants and the imprecisely processed miRNAs were roughly as abundant in suppressor plants as they were in the parental hyl1-2 single mutant plants (Fig. 3) . We conclude that the dcl1-20 and dcl1-21 suppressor mutants that bear mutations in the helicase and RNaseIIIa domains, respectively, enhance accumulation of miRNAs in the hyl1-2 background without alleviating the defect in miRNA processing precision.
Suppressor variants of DCL1 have enhanced enzymatic activity
The in vivo data suggest that the suppressor-encoded variants of DCL1have enhanced enzymatic activity relative to wild-type DCL1. To test this hypothesis, we compared the in vitro processing activities of DCL1 suppressor variants and wild-type DCL1. N-terminal 6-His / C-terminal FLAG tagged recombinant DCL1, DCL1-20, and DCL1-21 proteins were purified (Supplemental Fig. S4A ). 5' labeled pri-miRNA 156a RNA was used as the substrate in an in vitro processing assay (Supplemental Fig. S5 ).
After incubation with DCL1, the RNA was fractionated by polyacrylamide gel electrophoresis to resolve RNAs corresponding to both processing intermediates and final products at single nucleotide resolution online) and examined its in vitro processing activity ( Fig. 5B and 5C ). Full-length DCL1 requires ATP for maximal in vitro processing activity ( Fig. 5B and 5C ). By contrast, the processing activity of DCL1Δhelicase was unaffected by the absence of ATP ( Fig. 5B and 5C ). We conclude that the DCL1 helicase domain is responsible for DCL1's ATP-dependence.
Deletion of the helicase domain of human dicer, an ATP-independent dicer, enhances in vitro processing activity (Ma et al., 2008) . Similarly, the DCL1Δhelicase enzyme showed higher processing activity than full-length DCL1 both in the presence and in the absence of ATP when pri-miRNA156a RNA was used as the substrate (Fig. 5B) . When pri-miRNA166b RNA was used as the substrate (Fig.   5C ), the cleavage activity of DCL1Δhelicase was higher than that of full-length DCL1 only in the absence of ATP, albeit lower than that observed with full-length DCL1 in the presence of ATP.
We also compared the cleavage accuracy of DCL1 and DCL1Δhelicase by inspecting the distinct band patterns generated from precise cleavages. Precise cleavage of the pri-miRNA hairpin generates two arm fragments (F1, F2), miRNA/miRNA*(m/m*) fragments and a loop fragment (F3) (Fig. 5D and 5E ).
We designed the substrate length so that the F1, F2, and F3 fragments have different lengths. As shown in Fig. 5B , when pri-miRNA156a RNA was used as the substrate, there was no discernable difference in the cleavage accuracy between DCL1 and DCL1Δhelicase. However, when pri-miRNA166b RNA was used, a marked difference in processing accuracy was observed (Fig. 5C ). Full-length DCL1 cleaved primiRNA166b accurately, generating the expected RNA fragments (Fig. 5C ). In contrast, DCL1Δhelicase cleaved pri-miRNA166b less accurately, generating a ladder of fragments (Fig. 5C ). Full-length DCL1 also generated a ladder of fragments in the absence of ATP (Fig. 5C ). These results suggest that a functional helicase domain is required for the accurate processing for at least some pri-miRNA substrates.
Given the differential requirement for the helicase domain for pri-miRNA156a and primiRNA166b processing, we examined our smallRNAseq data to estimate the in vivo processing precision values at these loci. Increased imprecision at both loci was observed when comparing wild-type to hyl1-2 mutants, but the magnitude of the hyl1-2 precision defect was dramatically higher for MIR156a relative to MIR166b (Fig. 5F ). Both of the analyzed suppressed lines (hyl1-2/dcl1-20 and hyl1-2/dcl1-21) had a partial alleviation of the MIR156a precision defect. In stark contrast, the imprecision in MIR166b processing was dramatically enhanced in the hyl1-2/dcl1-20 and hyl1-2/dcl1-21 lines relative to hyl1-2 alone (Fig. 5F ). Thus, both the in vitro and in vivo determinants of processing precision differ for these two hairpins. In the case of pri-miRNA156a, the helicase domain had no apparent effect on in vitro processing accuracy, and its removal enhanced the rate of processing; in vivo MIR156a was strongly dependent upon hyl1-2 for processing precision. In contrast, for pri-miRNA166b, the maximal in vitro activity and processing accuracy was achieved only when the DCL1 helicase domain was present and provided with ATP; in vivo, MIR166b was much less dependent upon hyl1-2 for processing precision and much more sensitive to the hyperactive DCL1 variants. The differences between these two substrates might reflect the accessibility of the different hairpin structures of the RNA substrates to the enzyme, and suggests a reciprocal relationship between reliance upon HYL1 and the DCL1 helicase domain for precision in MIRNA processing.
DCL1 processes pri-miRNA processively
Unlike mammalian dicers, which execute a single catalytic cycle to release miRNA/miRNA* duplexes from pre-miRNAs, miRNA/miRNA* duplex production by DCL1 involves at least two catalytic cycles (more for hairpins that produce multiple miRNA/miRNA* duplexes such as miR159 and miR319; Addo-Quaye et al., 2009; Bologna et al., 2009) . To determine whether DCL1 executes these cleavages processively, we performed a single-cycle cleavage assay. An internally labeled pri-miRNA substrate (Fig. 6A ) was pre-incubated with DCL1 in the absence of Mg 2+ to allow the DCL1 to bind to the substrate without cleaving it, followed by addition of Mg 2+ and unlabeled competitor substrate. If DCL1 cleavage is processive, addition of the unlabeled competitor substrates should have little effect on the production of mature 21-nt miRNA/miRNA*. As shown in Fig. 6B , addition of a 1,000-fold excess of unlabeled substrate did not inhibit production of 21nt products from the labeled substrates with which the enzyme was pre-incubated (compare lanes 3 and 4). By contrast, excess unlabeled substrate effectively inhibited production of labeled 21nt products when pre-incubation was omitted (lane 5). These observations indicate that DCL1 cleaves pri-miRNA processively.
Discussion
Increased DCL1 activity rescues the hyl1 phenotypes despite imprecise miRNA biogenesis
As previously reported, hyl1 plants exhibit lower levels of most miRNAs, resulting in the hyperaccumulation of some miRNA targets (Han et al., 2004; Vazquez et al., 2004) . It is possible that, despite the broad impact of hyl1 on the accumulation of most miRNAs, the hyl1 phenotypes result primarily from dysregulation of just one or a small number of miRNA targets. Such a possibility is suggested by the observation that, despite a general impact on miRNA and other small RNA accumulation, the developmental anomalies caused by several viral suppressors of RNA silencing (VSRs) can be traced primarily to deregulation of a single miRNA target (Jay et al., 2011) . Similarly, the embryonic lethality observed in dcl1 null mutants, in which the accumulation of most miRNAs is severely reduced, appears to be due primarily to early patterning defects caused by precocious expression of just two miR156 targets (Nodine and Bartel, 2010) . Genetic analyses indicate that dysregulation of the miR156, miR160, miR165/166, and miR319 pathways are particularly relevant for the developmental phenotypes seen in hyl1mutants (Liu et al., 2011; Li et al., 2012) . However, neither our hyl1 suppressor screen nor a similar one reported by Tagami et al. (2009) identified any MIRNA or miRNA target loci as hyl1 suppressors.
Instead, the hyl1 suppressor screens have only returned multiple alleles of DCL1 that restore near wildtype levels of miRNA accumulation despite the absence of functional HYL1. While these screens are far from saturation, the available data suggest that the hyl1 phenotypes are the result of multiple dysregulated miRNA targets, such that a broad and general recovery of miRNA accumulation levels, conditioned by heightened DCL1 activity, is required for phenotypic suppression. The present biochemical characterization of the suppressor DCL1 proteins has shown that they process pri-miRNA more efficiently than wild-type DCL1, exhibiting both higher K cat and lower K m values in miRNA processing assays in vitro. Deep sequencing analysis of miRNA levels in vivo confirm that they are substantially elevated in the dcl1/hyl1-2 plants compared with hyl1-2 plants. Thus DCL1 variants with increased catalytic activity can compensate for a lack of HYL1 to produce quantities of mature miRNAs sufficient for normal development. In vitro and in vivo, HYL1 also enhances the precision of miRNA biogenesis (Kurihara et al., 2006; Dong et al., 2008) . Our analysis of smallRNAseq data revealed that the fraction of imprecisely excised miRNA variants is higher for most MIRNAs in hyl1-2 than in wild-type plants. Hence the HYL1-dependent precision in miRNA biogenesis affects many MIRNAs. miRNA processing precision was no better in the suppressor dcl1/hyl1-2 plants than in the parental hyl1-2 mutant plants. Taken together, these observations lead to the conclusion that the dcl1 suppressor alleles compensate for the lack of hyl1 function by increasing the rate, but not the fidelity, of miRNA biogenesis.
The RNaseIIIa and helicase domains of DCL1 in miRNA processing
Together with another previously reported hyl1-2 suppressor, dcl1-13 (Tagami et al., 2009) , there are now six dcl1 alleles known to suppress the hyl1 phenotypes. The corresponding mutations in the DCL1 protein are either in the helicase or RNaseIIIa domains and mutations in either domain give rise to mutant DCL1 proteins that suppress the hyl1 phenotype by increasing DCL1 catalytic activity. Therefore the wild-type versions of these two DCL1 domains can be thought of as in some sense inhibitory.
Suppressor mutations in the RNaseIIIa domain in all likelihood affect the catalytic properties of DCL1 directly, given their proximity to one of the two active sites of the protein. By contrast, suppressor mutations in the helicase domain are not close to the active sites and thus appear to have a more indirect role in modulating DCL1 activity.
The helicase domain of human Dicer has been reported to inhibit cleavage activity (Ma et al., 2008) . It has been suggested that the human Dicer undergoes a conformational rearrangement during the activation of Dicer's catalytic activity and that the helicase domain functions as a structural switch to modulate cleavage activity (Ma et al., 2008) . Generation of miRNA by animal dicers does not require the NTPase activity of the helicase domain (Zhang et al., 2002; Welker et al., 2011) . Indeed, Drosophila Dicer-1, which is responsible for miRNA production, lacks a functional helicase domain altogether (Lee et al., 2004 siRNAs from long double-stranded RNA precursors (Liu et al., 2003) . Mutations that abolish the NTPase activity of the helicase domain of Caenorhabditis elegans DCR-1 and human Dicer do not affect miRNA production, which commences with recognition of a substrate that has a 2 nt 3' overhang and entails a single cleavage, but abrogate siRNA production (Zhang et al., 2002; Welker et al., 2011) . Recently, the C. elegans DCR1 and Drosophila Dicer-2 have been shown to recognize blunt-ended dsRNA substrates and cleave them processively to generate multiple internal siRNAs. The helicase domain has been proposed to function as an ATP-dependent translocase, providing the energy for translocation along the RNA substrate (Cenik et al., 2011; Welker et al., 2011) . Thus the requirement for helicase activity is correlated with processivity and not catalysis per se.
In plants, DCL1 carries out both cleavages of the pri-miRNAs to release the miRNA/miRNA* duplex (Reinhart et al., 2002; Kurihara and Watanabe, 2004; Park et al., 2005; Fahlgren et al., 2007) .
Although purified Arabidopsis DCL1 alone is capable of cleaving pri-miRNAs, both the rate and The initial cleavage of pri-miRNA156a in vitro is at the loop-proximal site (Supplemental Fig.   S5 ). In the absence of ATP, miRNA release by the intact enzyme is markedly reduced and cleavage is confined primarily to the initial loop-proximal site (Fig. 5B) . DCL1 lacking the helicase domain carries out both cuts efficiently. Hence the helicase domain inhibits DCL1 cleavage activity on this substrate primarily by affecting the second cleavage. Moreover, the observation that DCL1 cuts processively ( the absence of ATP by elimination of the helicase domain. Moreover, cleavage of pri-miRNA166b by the intact enzyme is substantially less accurate in the absence of ATP than in its presence and is also less accurate if the DCL1 lacks the helicase domain. In vivo, the requirements for precise processing of MIR156a and MIR166b also differ: MIR156a is much more reliant upon HYL1 for processing precision when compared to MIR166b. Thus, our data suggest a reciprocal relationship between HYL1-dependent precision and DCL1-helicase domain-dependent precision during microRNA biogenesis, as well as variations in the relative importance of the two between different hairpins. It has been reported that the helicase domain of human Dicer is required for efficient processing of thermodynamically unstable hairpins while the cleavage of thermodynamically stable hairpin structures does not require the helicase domain (Soifer et al., 2008) . Since HYL1 is known to co-localize with DCL1 in vivo and increase both its cleavage rate and accuracy (Kurihara et al., 2006; Fang and Spector, 2007; Song et al., 2007) , it is likely to act on some substrates both to promote formation of the initial enzyme-substrate complex required for an accurate first cut and to activate a subsequent helicase-dependent conformational change required for the second cleavage. Whether its primary target is the substrate or DCL1 is the subject of current investigation.
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Materials and Methods
Plant growth conditions and mutant screen
All plants were grown under 12-h light/12-h dark cycle at ~21°C. hyl1-2 (SALK_064863) mutant seeds were treated with 0.2% ethyl methane sulfonate (EMS) for 16h. After extensive washing with water, seeds were sown on soil. Seedling phenotypes were evaluated after two weeks. Plants that clearly showed the hyl1-2 mutant phenotypes were removed and the remaining plants were grown for another three weeks, then re-evaluated for plants exhibiting wild-type phenotypes.
Cloning and complementation of the mutant alleles
The genomic sequences at the DCL1 locus were PCR amplified to produce three overlapping fragments. PCR fragments were sequenced to identify the mutated sites. To obtain the promoter of DCL1, a genomic fragment containing 1617 bp upstream from translation start site (gene model AT1G01040.1) and a 1730 bp fragment containing the coding sequence were amplified using primers DCL1_Pro_F and DCL1_Pro_R and cloned into the PCR2.1-TOPO vector (Invitrogen) to generate PCR2.1-promoter vectors (see Supplemental Table 1 online) . To obtain the mutant versions of DCL1, the relevant fragment from dcl1-20 was amplified from dcl1-20 genomic DNA, while the mutations identified in dcl1-21, dcl1-22, dcl1-23 and dcl1-24 were generated by overlapping PCR in the pENTR-DCL1-FLAG vector (Dong et al., 2008) . The promoters were excised from the PCR2.1-promoter vector using NotI and XhoI and cloned into pENTR-DCL1-FLAG vector cut with the same pair of restriction enzymes. Finally, the DCL1 promoter-driven DCL1-FLAG expression cassettes were cloned into pEarleyGate 302 by GATEWAY technology. The resulting constructs were used to transform hyl1-2 plants. (Fermentas) conducted in a Step-One Plus instrument (ABI/Life Technologies), with four samples per genotype (2 biological replicates x 2 technical replicates). The DCL1 forward primer spanned the miR162 target site at the exon 12-13 junction, and the DCL1 reverse primer spanned the exon14-15 junction, thus ensuring that only intact DCL1 cDNA was measured. Mean PCR efficiencies for each primer set were calculated using LinRegPCR (Ruijter et al., 2009 ) and used to calculate the DCL1 accumulation, using ACTIN2 as a reference, relative to the mean Col-0 value as described (Pfaffl, 2001) . miRNA analysis used 145ng of DNase-treated total RNA in stem-loop primer mediated reversetranscription as described (Varkonyi-Gasic and Hellens, 2010) , except that a 1uM mixture of oligos, consisting of 0.495uM stem-loop miR162, 0.495uM miR838, and 0.01uM U6, was used for reverse transcription. Primers for ath-miR162a, ath-miR838, and U6 were used in SYBR-green I PCR reactions (Fermentas) as described above. Data analysis was as described above except that U6 was used as the reference.
MiRNA Northern blot analysis
Total RNA was extracted from leaves of five week-old plants and flowers of eight-week old plants by the Trizol method. 10 μg total RNA was separated on a 12% SequaGel (National Diagnostics) and 
Protein expression and purification
All versions of DCL1 were generated by overlap PCR in pENTR-DCL1-FLAG vector (Dong et al. 2008 ) and then cloned into pDEST10 vector to obtain the pDEST10-DCL1-FLAG vectors. Bacmids were generated by transforming DH10Bac TM cells (Invitrogen) with pDEST10-DCL1-FLAG vectors. Protein expression and purification were performed essentially as described by Dong et al. (2008) .
In vitro miRNA processing
Genomic fragments containing pri-miRNA156a and pri-miRNA166b were amplified using primer sets (pri-156a-T7 and pri-156a-R) and (pri-166b-T7 and pri-166b-R), respectively. The resulting 133-bp and 216-bp PCR fragments were gel purified and used as the templates to synthesize RNA substrates.
RNA substrates were synthesized using the Megascript® T7 kit (Ambion, AM1334). The miRNA processing activity assay was performed as described in Dong et al. (2008) . To measure the initial velocity of DCL1 enzymes, RNAs 5'-labeled with γ P 32 ATP using the KinaseMax kit (Ambion, AM1520) were used as substrates. 10 μl reactions were allowed to proceed for 5 min and stopped by adding 100 μl stopping buffer (0.3 M sodium acetate, 0.1% SDS and 5 mM EDTA). The RNAs were acid-phenol extracted and precipitated using GylcoBlue TM (Ambion, AM9515). Precipitated RNA was resuspended in 10 μl gel loading buffer (Ambion, AM8547) and separated on an 8% SequaGel (National Diagnostics). Gels were dried using a Biorad Model 583 gel dryer and exposed to a PhosphorImager screen over night. Images were acquired on a Typhoon 9410 and quantified using ImageJ software. The kinetics constants were calculated by fitting the data using a non-linear least squares model in the R software package (Ma et al., 2008) .
Single cycle cleavage assay
The template for pri-miRNA159a RNA synthesis was prepared as described above using primers pri-159a-T7 and pri-159a-R. Internally 32 P-labeled pri-miRNA 159 RNA was synthesized using a MAXIscript® T7 kit (Ambion, AM1314) and gel purified. Unlabeled pri-miRNA 159a RNA was synthesized using a Megascript® T7 kit (Ambion, AM1334 (B) Cleavage assays used an internally labeled pri-miRNA159a substrate and wild-type DCL1. DCL1 was pre-incubated with internally labeled substrate on ice and in the absence of Mg 2+ in lanes 2-4.
Processed RNAs were separated by urea-PAGE. (B) Cleavage assays used an internally labeled pri-miRNA159a substrate and wild-type DCL1. DCL1 was pre-incubated with internally labeled substrate on ice and in the absence of Mg 2+ in lanes 2-4. Processed RNAs were separated by urea-PAGE.
